ABSTRACT Because plant nitrogen content varies within and between plants, insects must often compensate for low nitrogen levels by consuming more or suffer decreased performance. To test the effects of varying nitrogen content and plant characteristics that are affected by nitrogen content on monarch butterßy (Danaus plexippus L.) growth and development, we applied high and low nitrogen fertilizer treatments to common milkweed grown in a glasshouse. High nitrogen fertilization resulted in increased leaf nitrogen and plant height, but also higher disease and pest levels. Monarchs fed plants in the low nitrogen fertilization treatment showed higher relative consumption rates. Monarch performance, measured with development time and relative growth rate, was affected differently in different larval stadia, but larvae of all stadia fed leaves from the low nitrogen fertilization treatment weighed as much as or more than those fed high nitrogen leaves. These results suggest that monarch larvae compensate for lower plant quality by consuming more. If increased consumption is costly because of increased exposure to natural enemies or increased expenditure on consuming and processing food, low nitrogen host plants may result in decreased Þtness, despite the monarchsÕ ability to compensate.
MONARCH BUTTERFLIES (Danaus plexippus L.) in the Eastern North American migratory population originate on milkweed (Asclepias spp.) growing in a variety of habitats and probably experience varying levels of nitrogen both within and between habitats. Many insects are nitrogen limited (McNeil and Southwood 1978 , Mattson 1980 , Scriber 1984 , Slansky and Scriber 1985 , White 1993 . They must consume large quantities of their host plants to accumulate enough nitrogen for growth and development because animal tissue generally consists of 7Ð14% nitrogen (by dry weight [dw] ), and plants consist of 0.03Ð7.0% nitrogen (dw) (Mattson 1980 ). However, studies in which host plant nutrients were manipulated through nitrogen fertilization have had varying results. In some studies, higher plant nitrogen content had a positive effect on insect performance (e.g., Scriber and Slansky 1981 , Scriber 1984 , Taylor 1984 , Waring and Cobb 1992 , Slansky 1993 , Kerslake et al. 1998 , Awmack and Leather 2002 , but in other cases, it had no effect (Van der Meijden et al. 1984, Fischer and Fiedler 2000) .
Compensatory feeding may explain why low nitrogen food affects the performance of some insects and not others. Here, we use the term "compensatory feeding" when larvae consume more food in response to decreases in dietary nutrients such that they do not show decreases in performance. Several studies of the effects of nitrogen and protein content in artiÞcial diets on insect performance and consumption have shown that compensatory feeding occurs (e.g., Simpson and Simpson 1990 , Raubenheimer and Simpson 1993 , Slansky 1993 . Even if they do not fully compensate, larvae fed low nitrogen or protein diets in the laboratory usually increase consumption (e.g., Taylor 1989 , Slansky 1993 , Kingsolver and Woods 1998 .
Host defenses can affect an animalÕs ability to compensate for low nitrogen food and thus affect Þtness. For example, milkweed cardenolides or mechanical defenses of the latex delivery system may limit monarchsÕ ability to consume enough leaf material to compensate for low nitrogen food (Zalucki and Brower 1992 , Dussourd 1993 ). An inability to compensate for low-quality food can result in decreased body size or increased development time, both of which are associated with insect Þtness as measured through criteria such as fecundity, dispersal ability, mating success, life span, and susceptibility to natural enemies (Awmack and Leather 2002) . Even if organisms are able to compensate by consuming more food, they could incur increased processing costs and exposure to natural enemies.
In addition to the direct effects of leaf nitrogen content on insect herbivores, indirect effects of nitrogen may also affect their performance. Insects of-ten prefer high nitrogen plants (Wait et al. 1998 , Awmack and Leather 2002 , but see Courtney and Kibota 1990 , Oyeyele and Zalucki 1990 ; therefore, these plants often have higher levels of herbivory, and thus, higher allelochemical concentrations (e.g., Howe and Westley 1988, Malcolm and Zalucki 1996) . Higher concentrations of plant toxins can affect herbivore performance by increasing processing time or reducing feeding time (Mihaliak et al. 1987 , Slansky 1993 ). This herbivore-mediated effect may be offset by another effect of nitrogen on plant secondary metabolism; as plants receive more nitrogen, the increased growth promoted by this nutrient can decrease the amount of carbon available for secondary metabolism (Mattson 1980 , Herms and Mattson 1992 , Herms 2002 .
To determine how low nitrogen food affects monarch performance and whether monarchs compensate for low nitrogen food, we measured monarch growth and development on plants manipulated through fertilization to contain varying amounts of nitrogen. These plants were grown in a glasshouse, but were still exposed to pests and diseases that vary with nitrogen levels. Therefore, the larvae experienced plant conditions that vary with nitrogen level differences in wild plants.
Materials and Methods
Plants. We grew two blocks of A. syriaca in a glasshouse at the University of Minnesota in St. Paul during the summer of 2001. The temperature in the glasshouse ranged from 14 to 43ЊC (the latter for a very short period on 1 d), and natural daylight was supplemented with heat-generating lights during normal daylight hours to increase the temperature in the glasshouse when it fell below 24ЊC. Block I included 400 cold-wet stratiÞed seeds collected in October 2000 in Plymouth, MN, and another 200 cold-wet stratiÞed seeds purchased from Butterßy Encounters in Danville, CA. We planted these seeds on 4 June in 5 by 6 by 6-cm plugs Þlled with Sun Gro HorticultureÕs Sunshine SB300 Universal Mix (45Ð55% composted pine bark, Canadian sphagnum peat moss, vermiculite, perlite, dolomitic limestone, gypsum, starter nutrient charge, and wetting agent), kept them moist, and transplanted 160 seedlings 21 d later into 13 by 13-cm pots Þlled with Sun Gro HorticultureÕs (Quincy, MI) Sunshine LB2 Mix (70 Ð 80% Canadian sphagnum peat moss, vermiculite, dolomitic limestone, gypsum, and wetting agent; no nutrients added). Block II came from 1,200 seeds obtained from Prairie Moon Nursery (Winona, MN) and was planted on 1 July in Sun Gro HorticultureÕs LP5 Germination Mix (70 Ð 80% Þne Canadian sphagnum peat moss, perlite, dolomitic limestone, gypsum, starter nutrient charge, and wetting agent). Block II plants were maintained and transplanted as above. We watered plants as needed, keeping the peat moss moist, and applied several biocontrol agents from The Green Spot (Nottingham, NH) to control glasshouse pests: Eretmocerus eremicus (Aphelinidae) for sweet potato whiteßy, and Orius insidiosus (Anthocoridae), Neoseiulus cucumeris (Phytoseiidae), and Hypoaspis miles (Hypoaspididae) for thrips.
We randomly assigned plants from each block to low and high nitrogen fertilizer treatments. Both plant treatments received a fertilizer solution containing the same amounts of MgSO 4 , potash (0-0-60), granular super triphosphate (0-46-0), and soluble trace element mix (13% S, 1.35% B, 2.3% Cu, 7.5% Fe, 8% Mn, 0.04% Mo, and 4.5% Zn). High and low nitrogen treatment plants received 13.29 and 0 g N/m 2 /wk, respectively, through the addition of NH 4 NO 3 to the fertilizer solution. Both treatments received equal doses of nitrogen from the starter soil mixes before transplanting. We added the fertilizer solution to ßats holding the potted milkweed and emptied them after 24 h. We fertilized plants weekly after they were transplanted (block I, 10 times; block II, 5 times; the last fertilization was on 6 September). Block I low nitrogen plants received 1.55 g N/m 2 /wk on 30 July and 6 August because their leaves were very yellow and were dropping off the plants.
We documented effects of the fertilizer treatments and recorded plant condition on 1 September (block I plants) and 5 September (block II plants). These dates corresponded to times when the larvae were eating leaves from each block. We randomly chose 20 plants from each treatment group of block I and 10 from each group of block II for noninvasive data collection. Noninvasive plant data included the number of adult whiteßies (0, 1, 2Ð10, 11Ð100, or 101Ð1,000) on the entire plant, plant height from the soil surface to the tip of the new leaves at the terminal bud, the level of thrips damage (none, light, medium, or heavy compared with standard leaves from each category), percent leaf area with yellow coloring and necrotic tissue, and bacterial wilt (rapidly wilting leaves and death under moist soil conditions). For nitrogen analysis, we randomly chose three plants in each treatment and block and harvested the two topmost mature leaves. We dried leaves at 65ЊC for 48 h in a drying oven and milled them using a Wiley mill with a 20 mesh screen. We determined their nitrogen content (%dw) using a Perkin Elmer (Boston, MA) Series II CHNS/O Analyzer 2400.
Monarchs. Parents of experimental larvae were second-and third-generation laboratory stock originating from 40 wild monarchs caught in Texas and Minnesota in Spring 2001. On 23 August, we placed one block I plant from each nitrogen treatment in a 0.6-m 3 mesh collapsible Þeld cage in the glasshouse and released 20 randomly chosen, mated female monarchs into the cage. Females oviposited on the plants for 1 h, during which we observed at least Þve different females laying eggs on both plants. After the eggs hatched, larvae fed on their respective treatment plants until they became late second instars. We randomly selected 36 larvae from each treatment plant and placed them into separate clear plastic deli containers (11 cm in diameter by 5 cm) with holes in the lids. We kept the larvae in a laboratory, where they experienced natural day-light near an east-facing window and controlled temperatures of 21Ð26ЊC.
We measured development times for each stage to the nearest 12 h. Egg development times began at oviposition and ended when Þrst-instar larvae hatched. We combined Þrst-and second-stadia development times: from hatching to the separation of the head capsule of the second instar. For the other stadia, we measured development times from molt to molt. Larval development time ran from hatching to the formation of the prepupal J. Development time for the pupal stage began at the formation of the prepupal J and ended at eclosion. We also calculated development times in degree-days (D dd ) using the formula:
, where the sum is calculated over all the days in the development period, T avg is the daily mean temperature (ЊC), and B is the temperature below which monarchs do not develop (11.5ЊC) (Zalucki 1982) .
We fed larvae leaves from plants growing under the appropriate fertilizer treatment. Each day, we randomly selected enough unwilted treatment plants to feed the larvae, removed and cut the leaves in half, and randomly selected enough leaf material to ensure that each larva would have a constant food supply. We removed and weighed remaining leaf material from the previous day using a Mettler (Mettler Instrument Corporation, Hightstown, NJ) semimicro analytical balance, weighed the new leaves, and cleaned frass from the container. To minimize leaf water loss, we moistened the Þlter paper with 2.0 or 3.0 g water (under the experimental conditions, 2.0 g maintained consistent wet mass for up to 1.5 g of leaves and 3.0 g maintained wet mass for 3.5Ð5.5 g of leaves). Finally, we placed the weighed, eaten leaves in labeled paper envelopes, dried them as described earlier, and determined their dry mass. We did not feed larvae leaves from plants from which leaves had been previously removed.
We weighed second through Þfth instars at the end of each stadium on a Mettler semimicro analytical balance to the nearest 0.0001 g and calculated mass gains for third-through Þfth-instar larvae as the difference between the Þnal mass of a larva in the given stadium and its Þnal mass during the previous stadium. We always weighed larvae at the beginning of ecdysis, as the head capsule began to lower and before it completely separated. The larvae expel all of their feces before molting and do not eat while molting, thus maintaining consistent masses (Waldbauer 1968 , Kogan 1986 . The morning that each Þfth instar formed a prepupal J, we weighed it by placing the weighed cage lid with the attached larva over a weighed cup. If a larva was molting in the afternoon or evening, we weighed it, weighed its leaf, and replaced the leaf so that all larvae were fed fresh leaves only in the morning.
Because larvae remained in the experiment throughout their development, we could only calculate fresh weight relative growth rates. We used the following formula (Waldbauer 1968) 
RGRfw n is the fresh weight relative growth rate for the nth stadium, M gain Ϫ n is the mass gain during the nth stadium, M n and M n Ϫ 1 are the masses at the end of the nth and previous stadia, and D n is the development time for the nth stadium. We also calculated an overall measure of RGRfw from the third to the Þfth stadium
We calculated both fresh and dry weight relative consumption rates following Waldbauer (1968) : RCRfw n (fresh weight relative consumption rate for the nth stadium)
where Ffw n is the fresh weight of food consumed during the nth stadium. We used the same procedure to calculate the RCRdw, replacing fresh leaf with dry leaf weights. However, we needed to estimate dry weights of the leaves before the larvae ate them. To do this, we sampled leaves from 20 high nitrogen and 20 low nitrogen plants. On each of 4 d (31 August and 2, 5, and 9 September), we sampled Þve plants from each treatment, choosing plants randomly. The dates were chosen to represent the span of the time over which larvae were eating (27 AugustÐ10 September). All of the leaves were removed from a plant, and the leaves to be analyzed were randomly selected. A sample from a plant consisted of the number of leaves that larvae were receiving on that day, which increased over the course of the experiment. We obtained fresh and dry masses for these leaves as described above and obtained the regression equations shown in Table 1 using these masses. Low nitrogen plants contained signiÞ-cantly more water than high nitrogen plants (mean ratio Ϯ SE high nitrogen fw:dw ϭ 5.456 Ϯ 0.086 and low nitrogen fw:dw ϭ 6.173 Ϯ 0.147, t ϭ 4.2, df ϭ 38, P ϭ 0.0002).
We transferred the lids on which larvae pupated to deeper containers (16 cm) lined with screen so adult butterßies could climb back to the top if they fell after eclosing. Pupae remained on an east-facing windowsill until they eclosed. The morning after eclosion, we weighed each butterßy on a Mettler semimicroanalytical balance to the nearest 0.001 g and measured both forewings to the nearest 0.1 mm using digital calipers.
Plant numbers and mortality necessitated switching larvae between plant blocks. We fed both treatment groups block I plants from 27 August to 2 September (until the late third stadium). From 3 to 6 September, we fed both groups of late third-to early Þfth instars block II plants because block I high nitrogen plants were wilting and dying. From 7 to 10 September, we switched the low nitrogen larvae (in the late Þfth stadium) back to block I plants because block II low nitrogen plants were completely consumed. Statistical Analyses. Plant height for both blocks and treatments met assumptions for a parametric test; therefore, we analyzed it with analysis of variance (ANOVA). Leaf nitrogen content did not meet these assumptions, so we tested for differences between the treatments within blocks using the Mack-Skillings procedure. We used the nonparametric Mann-Whitney U test for ordered categorical variables to compare the number of adult whiteßies on the plants and the amount of thrips damage between treatment groups within each block of plants. To test the independence of treatment and prevalence of wilt, yellow leaves and necrotic leaf tissue, we used Fisher exact test.
Most of the development times, masses, mass gains, forewing lengths, relative growth rates, and relative consumption rates failed tests of normality, so we analyzed these variables using the Mann-Whitney U test. The analysis did not include two larvae and one pupa that died from a viral infection.
Results

Glasshouse Milkweed Condition and Leaf Nitrogen
Content. Within each block, high nitrogen treatment plants had signiÞcantly higher leaf nitrogen content than the low nitrogen plants (block I: high nitrogen 6.67 Ϯ 0.36%, low nitrogen 2.87 Ϯ 0.19%; block II: high nitrogen 6.09 Ϯ 0.39%, low nitrogen 2 16 Ϯ 0.03%; mean Mack-Skillings [MS] ϭ 7.71, P Ͻ 0.015). High nitrogen plants were taller than low nitrogen plants, and block I plants were taller than block II plants (block I: high nitrogen 48 Ϯ 1.4 cm, low nitrogen 27 Ϯ 1.6 cm; block II: high nitrogen 44 Ϯ 2.1 cm, low nitrogen 12 Ϯ 0.48 cm; two-way ANOVA: block effect, F 1, 56 ϭ 188.47, P Ͻ 0.001; treatment effect, F 1, 56 ϭ 25.15, P Ͻ 0.001).
Glasshouse pests affected plants from the two treatment groups differently (Table 2a) . High nitrogen plants tended to have more whiteßies in both blocks, although this difference was not signiÞcant for block I. Fertilizer treatment did not signiÞcantly affect the level of thrips damage, although the most frequent level of damage was light for low nitrogen plants and medium or heavy for high nitrogen plants.
Diseases also tended to affect plants from the two treatment groups differently (Table 2b ). High nitrogen plants were signiÞcantly more likely to have wilted leaves and necrotic tissue in block I. In block II, the percentage of yellow leaf tissue was signiÞcantly higher in low nitrogen plants.
Monarch Performance and Consumption Rates. During the second to Þfth stadia and as adults, larvae fed low nitrogen treatment leaves were larger than or the same size as larvae fed high nitrogen treatment leaves (Table 3) . Second-, third-, and fourth-instar larvae in the high nitrogen treatment had signiÞcantly smaller masses than those raised on low nitrogen treatment leaves. Third-instar larvae fed high nitrogen plants gained signiÞcantly less mass than those fed low nitrogen plants. Fifth instar masses, fourth and Þfth instar mass gains, and adult forewing lengths were not signiÞcantly different for larvae fed high and low nitrogen leaves, but adults fed low nitrogen leaves as larvae were marginally heavier.
Fresh weight relative growth rates and development times for larvae in the two treatment groups showed inconsistent differences. Whereas third instars fed high nitrogen leaves grew signiÞcantly more slowly, fourth and Þfth instars fed high nitrogen leaves grew signiÞcantly faster (Table 3 ). This resulted in fresh weight relative growth rates over the third to Þfth instars that were not signiÞcantly different for larvae in the two groups. While high nitrogen third instars developed more slowly, high nitrogen Þfth instars developed more quickly (Table 4 ). This resulted in total development times for larvae in the two groups that were not signiÞcantly different. Pupal development time for larvae raised on high nitrogen plants was signiÞcantly shorter than that of low nitrogen larvae. Low nitrogen third, fourth, and Þfth instars had signiÞcantly higher dry and fresh weight relative consumption rates than those eating high nitrogen plants, and relative consumption rates increased with larval age (Fig. 1, all Mann-Whitney U tests, P Ͻ 0.001). The relative differences in consumption rates between larvae feeding on low and high nitrogen leaves were higher for fresh weight than for dry weight (mean ratio of low nitrogen:high nitrogen; RCRfw ϭ 1.9 and RCRdw ϭ 1.4), possibly because low nitrogen leaves had a higher percentage of water.
Mortality was independent of treatment group; 3 of 36 individuals died in the low nitrogen treatment group, and all 36 individuals in the high nitrogen treatment group survived (Fisher exact test, P ϭ 0.120).
Discussion
Effect of Nitrogen Fertilization on Milkweed and
Monarchs. Compared with monarchs fed high nitrogen treatment leaves, monarchs fed low nitrogen treatment leaves consumed more leaf material, weighed at least as much, and did not take longer to complete larval development (although their pupal stage was slightly longer), which suggests that they compensated for poor-quality diets. High nitrogen and low nitrogen plants varied in water content, with low nitrogen leaves containing a higher percentage of water. This shows the importance of including water weight in consumption rates for accurate comparisons. Whereas a few studies have measured both RCRdw and RCRfw using live prey (Traugott and Stamp 1997) or RCRdw using leaves from live plants (Murugan and Ancy 1992 , Stockhoff 1992 , Raps and Vidal 1998 , Obermaier and Zwoelfer 1999 , this is the Þrst study to measure larval RCRdw and RCRfw using leaves from live plants over several stadia. Monarch larvae feeding on low nitrogen treatment leaves had fresh weight relative consumption rates almost twice those of larvae feeding on low treatment leaves; the difference was lower for dry weight relative consumption rates.
High nitrogen fertilization of glasshouse-grown common milkweed resulted in increased leaf nitrogen content, but also differences in pest and disease levels, and plant height. Low nitrogen plants in block II had All values are given as group means followed by SE. a SigniÞcant difference in development time (for both days and day degrees) between the high and low nitrogen groups (Mann-Whitney U test, P Ͻ 0.001).
SigniÞcantly higher values in each comparison are underlined.
signiÞcantly more yellow tissue. We had to add nitrogen to the low nitrogen plants in block I to keep them alive, which may explain why the high and low nitrogen plants had signiÞcantly different percentages of yellow leaf tissue in block II but not block I. The lower level of nitrogen in the block II low nitrogen treatment may also have caused a greater height ratio (high nitrogen:low nitrogen) and lower leaf nitrogen content for block II than block I plants.
Monarchs in this study were confronted with a suite of differences in host quality. High nitrogen plants tended to have more pests than low nitrogen plants, and pest levels could have resulted in increased disease prevalence. The poorer performance of thirdinstar larvae in the high nitrogen treatment may have been caused by the higher pest and disease levels in block I high nitrogen plants. Plants often produce more allelochemicals in response to herbivory (Howe and Westley 1988, Malcolm and Zalucki 1996) , and higher allelochemical content may require additional metabolic processing time or may reduce feeding time because larvae spend more time avoiding plant toxins with behaviors such as petiole cutting and leaf trenching (Mihaliak et al. 1987 , Slansky 1993 . Microbial plant pathogens could have exacerbated these effects, making high nitrogen plants less suitable to monarchs by reducing nutritional quality or increasing concentrations of toxic compounds (de Nooij et al. 1992 , Atlas and Bartha 1993 , Manners 1993 . After the switch to block II plants, larvae fed high nitrogen leaves outperformed larvae in the low nitrogen group by developing (Þfth instars and pupae) and growing (fourth and Þfth instars) more quickly.
Additionally, cardenolide levels may have been directly affected by the fertilizer treatment. There is no evidence of an association between nitrogen and cardenolide levels in wild milkweed plants (Oyeyele and Zalucki 1990 ), but in many plants, fertilization decreases secondary metabolite concentrations (Mattson 1980 , Herms and Mattson 1992 , Herms 2002 . This probably occurs because the increased growth promoted by fertilization decreases the amount of carbon available for secondary metabolism (Herms 2002) . Thus, the predicted effects of pests (increasing allelochemical levels) and increased growth (decreasing allelochemical levels) on plant palatability would tend to offset each other.
Host quality may also have been affected by the fact that larvae were fed cut leaves. This was necessary to allow precise measurements of consumption, but it meant that the mechanical delivery of latex was disrupted. In some studies, early-instar monarch larvae survived better on severed leaves Zalucki 1996, Zalucki and . Latex provides both mechanical and chemical protection to plants; it can kill herbivores by miring them onto the leaf or effectively gluing their mandibles shut (Dussourd and Eisner 1987, Zalucki and Brower 1992) , and in milkweed, it contains high levels of cardenolides (Zalucki and Brower 1992) . It is possible that larvae feeding from intact low nitrogen plants would be less able to compensate because of increased exposure to latex and cardenolides.
Larvae in this experiment experienced herbivoreand pathogen-related plant conditions similar to those that could result from nitrogen level differences in the wild. Insects often prefer higher nitrogen plants (Wait et al. 1998 , Awmack and Leather 2002 , but see Courtney and Kibota 1990 , Oyeyele and Zalucki 1990 ; thus, plants with high levels of leaf nitrogen often experience increased levels of herbivory as they did in this experiment. In addition, larvae fed on treatment plants throughout their lives; therefore, cumulative or delayed effects from early stadia could affect performance and feeding during later stadia; this is the case in the moth Samea multiplicalis (Taylor 1984 (Taylor , 1989 .
Implications for Monarchs and Recommendations for Further Study. Monarch larvae in our study responded to low nitrogen levels by consuming more food; this ability could have important Þtness consequences. First, because there is likely to be considerable variation in leaf nitrogen content in A. syriaca, variation in host plant quality is a predictable "fact of life" for monarch larvae, and they seem to be able to compensate for this variation. The Þnal summer generation feeds on senescing plants, which have lower nitrogen levels than nonsenescing plants (Mattson 1980, unpublished data), and are likely to have experienced prior herbivory. Despite their ability to compensate physiologically for this variation, increased consumption rates could increase exposure to enemies (Borkin 1982 , Lynch and Martin 1993 , 1999 , 2004 , Prysby 2004 and energy and nutrient costs of consuming and processing food. Increased feeding will also result in increased contact with milkweed latex and cardenolides, which could cause reduced performance (Malcolm and Zalucki 1996 , Zalucki et al. 2001 . Thus, larvae feeding on milkweed with high nitrogen content, such as plants growing in fertilized habitats or new leaf growth, may experience increased performance without experiencing the costs of increased feeding.
Because nitrogen levels were confounded with disease and pest levels in this study, it would be valuable to study monarch reactions to varying nitrogen levels using disease-free plants in a pest-free setting. Future studies should also directly measure secondary metabolite concentrations and latex composition in plants with varying levels of nitrogen. It would also be informative to measure adult monarch performance variables such as mating success and fecundity to determine how plant nutrient levels affect adult Þtness. Smaller monarchs may still ingest and use more nitrogen, especially if they store it in their bodies for reproductive purposes, so measures of insect nitrogen content would augment data on performance measures. Because this experiment occurred in the laboratory using cut milkweed leaves, a similar experiment using intact plants in fertilized and unfertilized milkweed patches could show whether the same performance effects occur in a more natural setting. Further studies should also focus on compensatory responses to herbivore-and pathogen-induced plant responses, independent of nitrogen levels.
Our results are interesting in light of the Þndings of Goehring and Oberhauser (2002) , that monarchs fed senescing common milkweed became larger adults than those fed young milkweed. In addition, both Herman (1988) and observers in our laboratory (K.S.O., unpublished data) have found that monarchs collected late in the season are larger. This suggests that late-season monarchs consuming senescing plants might actually overcompensate for decreased nitrogen or that a reduction in the allelochemical content of senescing plants allows them to grow larger than monarchs feeding on younger plants.
